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Abstract 
We have grown BaSi2 films on transparent CaF2(111) substrates by molecular beam epitaxy using Si template layers. 
The crystalline quality of the Si layers on the CaF2(111) was improved by electron stimulated desorption (ESD) 
technique prior to the deposition of Si. We successfully formed highly-oriented Si films on the ESD-treated 
CaF2(111) surface at 650 żC. The RHEED pattern suggested that the two kinds of <111>-oriented Si epitaxial 
variants known as type A and type B were formed on the CaF2(111) substrates. The BaSi2 films were grown on the 
Si layers formed on CaF2(111) substrates, but they were not a-axis oriented, probably due to the rough surface of the 
Si layers.
© 2010 Published by Elsevier B.V. 
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1. Introduction 
It is important for a solar cell material to have a large absorption coefficient and a suitable bandgap matching the  
solar spectrum to realize a high conversion efficiency. There have been several approaches to achieve a high 
conversion efficiency in solar cells. Use of multi-junction cells under focused sunlight is one way. A conversion 
efficiency as high as 41.6% under 364 suns has been achieved in a lattice matched GaInP/GaInAs/Ge cell [1]. 
Another method is use of materials having a large absorption coefficient such as Cu (In, Ga) Se2 (CIGS) and CdTe. 
Since the absorption coefficients of CIGS and CdTe reach approximately 105cm-1 at 1.5 eV, 1Pm of those materials 
is thick enough to absorb the sun light. However, heavy chemical elements (As, Cd, Se,..) are normally toxic 
materials for the human body, and the reserve-production ratio of some of these chemical elements are known to be 
not too long. Therefore, materials consisting of abundant chemical elements are desirable. From this viewpoint, Si-
based new materials for thin film solar cells have attracted much attention. We have especially focused on 
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orthorhombic barium disilicide (BaSi2) as a good candidate for solar cell applications. BaSi2 consists of Ba and Si 
which are abundant materials in the earth’s crust. Because the lattice mismatch between a-axis-oriented BaSi2 and 
Si(111) is less than 1%, we have successfully achieved the epitaxial growth of BaSi2 thin films on Si(111) substrates 
[2,3]. In addition, we evaluated the optical absorption coefficient and the optical absorption edge of polycrystalline 
BaSi2 films grown on transparent fused silica substrates, and found that those are approximately 1.3 eV and 105cm-1
at 1.5 eV, respectively [4]. We think that it is more preferable to measure these optical properties on high-quality 
BaSi2 epitaxial films. However, they have yet to be measured. When we measure the absorption coefficient of BaSi2
in a transmission configuration, it is very difficult to eliminate the influence of Si from the measured values in the 
case of BaSi2 epitaxial films grown on a Si(111) substrate. In this work, we used transparent CaF2(111) to avoid this 
problem. CaF2 has a large transmittance over a wide wavelength range due to its large bandgap of 12 eV.  Moreover, 
the lattice mismatch is only 0.6% between CaF2 and Si at room temperature, which is small enough to realize the 
epitaxial growth of CaF2/Si structure. Thus, the epitaxial growth of BaSi2 can be also expected on a CaF2 substrate. 
According to the results reported by other many research groups, the epitaxial growth of CaF2 thin films on Si(111) 
substrates can be achieved with an atomically flat surface [5,6]. However, the number of reports on the growth of Si 
layers on CaF2 substrates is quite limited [7,8]. The difficulty of growing Si on CaF2 is caused by the surface free 
energy of CaF2. In the crystal growth of heteroepitaxy, the observed growth mode deeply depends on the relation of 
the surface energy of deposition material and bottom layer or substrate material. Since the surface free energy of 
CaF2 is one third of that of Si(111), formation of Si layers with a flat surface on CaF2 is very difficult at  elevated 
temperatures [7]. We therefore tried to use electron stimulated desorption (ESD) technique known as one of the 
ways to increase the surface energy of CaF2 [9]. Electron beam can interact with the surface fluorine layer and 
remove this layer. We therefore expect that Si-Ca bonding would be promoted instead of Si-F bonding after the 
irradiation of electron beam on the CaF2(111) surface.
2. Experimental
Mo of 500 nm in thickness was sputtered on the back surface of CaF2 substrates for radiation heating of the 
substrates in the MBE chamber. The substrates were washed by ultrasonic organic solvents using acetone and 
methanol, followed by rinsed in de-ionized water. After loading substrates into the molecular beam epitaxy (MBE) 
chamber, the surface of CaF2 substrate was first irradiated by electron beam with an acceleration voltage of 5 keV at 
room temperature. For BaSi2 epitaxial films of good crystalline quality, we have formed BaSi2 template layers on 
the CaF2 substrate as seed crystals by reactive deposition epitaxy (RDE) prior to the MBE growth of BaSi2
overlayers. In the RDE process, we deposited Ba on a hot Si layer. Hence, a 10-nm-thick Si film was deposited at 
different temperatures of 550-650 żC on the CaF2 substrate to find the optimal growth temperature for Si layers. 
After these experiments, a 50-nm-thick Si film was deposited at 650 żC, followed by deposition of BaSi2 film 
thicker than 130 nm using RDE and MBE processes. Si and Ba atoms were evaporated by an electron beam gun and 
Knudsen cell, respectively. We observed reflection high-energy electron diffraction (RHEED) patterns at each 
process stage, and measured T-2T X-ray diffraction patterns to evaluate the crystalline quality of growth layers. 
Atomic force microscopy (AFM) was used to investigate the surface morphology of samples. 
3. Results & Discussion 
Figures 1(a)-1(c) show AFM images and RHEED patterns of the Si layers grown at different temperatures. The 
RHEED patterns became gradually bright and sharp with increasing the growth temperature. As shown in Fig. 1(c), 
the RHEED pattern observed along the [1-10] azimuth of Si was symmetric and the streaky pattern together with 
spots was observed for sample grown at 650 żC. When the incident electron beam is along [1-10] azimuth of Si, the 
RHEED pattern is supposed to be asymmetric. We therefore speculated that the epitaxial Si layer with two kinds of 
crystallographic orientations known as type A (without rotation) and type B (with 180ż rotation along the surface 
normal with respect to the CaF2 substrate) were formed on the CaF2 substrate. The RHEED pattern shown in Fig. 
2(c) is much sharper than that shown in Fig. 2(d), obtained for Si layers without the ESD treatment, showing the 
effect of electron beam irradiation prior to the Si growth. Although the root-mean-square roughness of the samples 
increased from 0.677 to 0.902 nm with increasing the growth temperature, these values were small enough 
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compared to the Si thickness. When the substrate temperature was increased further, the surface roughness became 
pronounced. Therefore, we set the substrate temperature at 650 żC for the formation of Si layers on CaF2(111).
Figures 2(a)-2(c) show the RHEED patterns for the Si layers, RDE-grown BaSi2 and MBE-grown BaSi2 films, 
respectively, on the CaF2(111) substrate.  Streaky RHEED pattern was not obtained for the RDE-grown BaSi2 film, 
leading to the ring pattern for the MBE growth of BaSi2, shown in Fig. 2(c).  
Figure 3 shows the T-2T XRD pattern for the MBE-grown BaSi2 film. We can see the XRD peaks corresponding 
to BaSi2 in the T-2T XRD pattern, but those are not (100)-oriented peaks matching the epitaxial relationship with a 
Si(111) surface. The reason why a-axis-oriented BaSi2 was not formed even on <111>-oriented Si layers is not 
made clear at present. We speculate that the rough Si surface might affect the crystallographic orientation of the 
BaSi2 overlayers. 
Fig. 1  AFM images and RHEED patterns of Si layers on the ESD-treated CaF2(111) surface, 
observed along the Si[1-10] azimuth of samples grown at different temperatures of (a) 550, (b)
600, and (c) 650 żC. (d) is the RHEED pattern of Si layers grown at 650 żC without the ESD 
process.
Fig. 2  RHEED patterns observed along the Si[1-10] azimuth after (a) Si layers at 650 żC, (b) 
RDE-grown BaSi2 at 650 żC, and (c) MBE-grown BaSi2 at 700 żC.
(a)                                                   (b)                                                 (c) 
(a) RMS 0.677 nm
3Pm
3Pm
(b) RMS 0.586 nm
3Pm
(c) RMS 0.902 nm (d) RMS 0.861 nm
3Pm
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We successfully formed highly-oriented Si films on the ESD-treated CaF2(111) surface at 650 żC. The RHEED 
pattern implied that the two kinds of <111>-oriented Si epitaxial variants known as type A and type B were formed 
on the CaF2(111) substrates.  The BaSi2 films were grown on the Si layers formed on CaF2(111) substrates, but they 
were not a-axis oriented, probably due to the rough surface of the Si layers.  
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Fig. 3 T-2T XRD pattern of a MBE-grown BaSi2 film on the CaF2(111) substrate.
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